Rats were subjected to laparotomy, or laparotomy and partial hepatectomy, at 0-48 h before administration of water or medium-chain-length triacylglycerol, having been starved post-operatively. Functional hepatectomies were performed at intervals after the intragastric load. Blood ketone-body concentrations after medium-chain triacylglycerol administration and/or functional hepatectomy of these rats were compared with values obtained in starved control rats. Decreased ketonaemia in response to medium-chain triacylglycerol was observed for up to 48 h after partial hepatectomy and at 1 and 2 h after laparotomy, but not at 24 or 48 h after laparotomy. Rates of ketone-body clearance after functional hepatectomy were unaffected by prior laparotomy or partial hepatectomy. Ketonaemia after medium-chain-triacylglycerol administration was only partially blocked by inhibition of CPT I (carnitine palmitoyltransferase I). The results demonstrate sustained effects of partial hepatectomy and short-term effects of surgical stress to decrease ketonaemia via inhibition of ketogenesis at site(s) distal to CPT I.
INTRODUCTION
The increased rate of ketogenesis observed on the transition from the fed to the starved state results both from increased fatty acid supply (secondary to increased lipolysis) and diversion of long-chain acyl-CoA from esterification to mitochondrial f-oxidation (reviewed in [1] ). One physiologically important regulatory mechanism is the modulation of flux through carnitine palmitoyltransferase I (EC 2.3.1.21; CPT I) by malonylCoA, an intermediate oflipogenesis, whose concentration reflects hepatic carbohydrate status. At the low rates of lipogenesis found in starvation, decreased malonyl-CoA concentrations permit the diversion of long-chain fatty acid into oxidative pathways in the mitochondria. CPT I is also inhibited by fatty acid analogues such as 2-tetradecylglycidate (TDG), inhibition occurring via formation of the CoA ester [2] . A second intrahepatic control mechanism involves the partitioning ofintramitochondrial acetyl-CoA between ketogenesis and oxidation to CO2 via the tricarboxylic acid cycle. This mechanism may be of particular importance under conditions where concentrations of acute-acting stress hormones (such as vasopressin, angiotensin and the catecholamines) are increased (see [1] ).
When rats are subjected to partial hepatectomy and then starved, blood ketone-body concentrations are substantially less than those of unoperated or shamoperated controls [3] . Rates of lipogenesis [4] and esterification [5] are increased, suggesting possible restriction of ketogenesis by mitochondrial substrate supply. These changes, possibly accompanied by increased oxidation of acetyl-CoA to CO2 [3, 6] , may be responsible for the decreased ketone-body concentrations. Previous experiments have not, however, indicated which of these possible factors constitutes the major mechanism of control, nor have they excluded the possibility that decreased ketonaemia results from accelerated extrahepatic utilization of ketone bodies.
A second pathophysiological state associated with decreased ketonaemia is that of acute surgical stress or trauma [7] . An inverse relationship exists between the blood ketone-body concentration and the severity of injury [7] , but again it is uncertain whether ketonaemia results from decreased hepatic ketone-body production or increased peripheral utilization. The anti-ketonaemic effects of trauma are mimicked experimentally by the administration of adrenaline [8] . In this instance, however, decreased ketonaemia is also observed after administration of medium-chain-length fatty acids, which are not esterified and whose mitochondrial metabolism is less dependent on the carnitine shuttle than is that of long-chain fatty acids (reviewed in [9] ), suggesting increased peripheral ketone-body utilization or an intramitochondrial action of the hormone.
In the present experiments, we have utilized two approaches to elucidate the reason for decreased ketonaemia after surgical stress or partial hepatectomy. Firstly we have investigated the ketonaemic response to the administration of medium-chain triacylglycerol in normal (unoperated) rats and rats subjected to laparotomy or laparotomy and partial hepatectomy at various times before medium-chain-triacylglycerol administration. The objective of these experiments was to determine the importance of site(s) of control of ketogenesis distal to CPT I. Secondly, we have performed functional hepatectomies on laparotomized, partially hepatectomized or unoperated rats after medium-chain-triacylglycerol administration. The aim of these latter experiments was to establish whether in the Abbreviations used: CPT I, carnitine palmitoyltransferase I; TDG, 2-tetradecylglycidate.
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MATERIALS AND METHODS

Materials
Sources of materials were as described in [8] . TDG (McN-3802) was generously provided by McNeil Pharmaceutical, PA, U.S.A.
Methods
Female albino Wistar rats (170-220 g) were subjected to a 12 h-light/ 12 h-dark cycle, and were used after 24 h or 48 h starvation in grid-bottomed cages. Fed rats were allowed free access to standard rodent diet. Water was supplied ad libitum.
Partial hepatectomy (comprising laparotomy and removal of two-thirds of the liver) or laparotomy (sham operation) was performed under diethyl ether anaesthesia as described previously [3, 6] . Rats were starved for up to 48 h post-operatively. Unoperated rats were starved but not subjected to ether anaesthesia or surgery.
Experiments were started between 08:30 and 09:30 h. Medium-chain triacylglycerol (1.5 ml), TDG (2.5 mg/ 100 g body wt.) or water (1.5 ml) was administered intragastrically. The rats were anaesthetized (sodium pentobarbital, 6 mg/100 g body wt.) at intervals after the intragastric load, and blood (0.25 ml) was sampled from the anterior vena cava. Rats were then subjected to functional hepatectomy (by isolating the liver from the general circulation) as described in [11] . The decrease in blood ketone bodies after functional hepatectomy was monitored from 4 to 30 min, with sampling from the vena cava at 4, 7.5, 15 and 30 min. Rates of ketone-body disappearance were linear for the first 7.5 min after functional hepatectomy (see below). In some experiments ligatures were placed around the appropriate vessels, but not tied (see [11] for details): under these circumstances, ketone-body concentrations were unchanged after 7.5 min (results not shown). Serum and deproteinized blood samples were assayed for long-chain non-esterified fatty acids and metabolites as described previously [3, 6] . Statistical analysis Statistical significance of differences was assessed with Student's unpaired t test. Results are given as means + S.E.M. for the numbers of rats (n) specified.
RESULTS AND DISCUSSION
Ketone-body concentrations after medium-chaintriacylglycerol administration to fed or starved unoperated rats
Blood ketone-body concentrations were low in fed rats ( Fig. 1) , as would be expected from the limited availability of endogenous ketogenic substrate (nonesterified fatty acids). Starvation for 24 h caused a 5-fold rise in ketone-body concentrations. A small additional increase was observed when the period of starvation was extended to 48 h.
The time course for changes in blood ketone-body concentrations after administration of medium-chain Taking into account the different rates of ketogenesis from non-esterified fatty acids, there was only a limited effect of nutritional status on the ketonaemic response to administration of triacylglycerol. Thus at 2 h after the intragastric load the response in starved rats was only approx. 1.5-fold greater than that in fed rats. This finding is consistent with previous observations (reviewed in [12] ) that ketogenesis from medium-chain-length fatty acids is little affected by carbohydrate status because of low flux through CPT I. The administration of TDG to rats not given medium-chain-length triacylglycerol did not significantly affect blood ketone-body concentrations in fed rats, but decreased ketone-body concentrations to 'fed' values in starved rats {from 0.86 + 0.08 (5) [3] and [11] ), the results suggest that although a proportion of the administered medium-chain-length triacylglycerol is metabolized via CPT I (see [9] ), approx. 50% enters the mitochondria for oxidation independently of CPT I. TDG did not affect the rate of ketone-body disappearance after functional hepatectomy (results not shown), indicating that its anti-ketonaemic effect was achieved via inhibition of ketone-body production rather than acceleration of clearance.
Blood ketone-body concentrations after functional hepatectomy of unoperated starved rats are shown in Fig. 2(a) . The rate of ketone-body clearance declined after 7 This relationship held not only in starved water-fed rats, but also in starved rats after administration of medium-chain triacylglycerol (see Fig. 2b ). Fig. 3 . A comparison of the ketone-body concentrations observed after mediumchain-triacylglycerol administration to starved unoperated rats (Fig. 1) or laparotomized rats (Fig. 3) indicates that laparotomy at 24 h or 48 h before sampling did not diminish the ketonaemic response. In marked contrast, partial hepatectomy at the onset of starvation dramatically decreased ketonaemia in response to medium-chain triacylglycerol. This effect of partial hepatectomy was greater when the operation was carried out at 24 h before triacylglycerol administration than when it was performed at 48 h before triacylglycerol administration. The significant increase in liver weight between 24 and 48 h after partial hepatectomy (Table 1) could contribute to the improved response, but the almost 2-fold difference in the responses of 48 h-starved rats subjected to laparotomy or laparotomy and partial hepatectomy (Fig.  3 ) cannot be ascribed solely to differences in liver mass (see Table 1 ).
Blood ketone-body concentrations after functional hepatectomy of starved rats subjected to laparotomy or laparotomy and partial hepatectomy at 24-48 h before sampling are shown in Fig. 4(a) . The overall rates of decrease in the blood ketone-body concentrations in previously laparotomized rats given water or triacylglycerol were again proportional to initial ketone-body concentrations over the first 7.5 min after functional hepatectomy (Fig. 4b) . There was no indication that ketone-body clearance, at a given level of ketonaemia, was increased compared with that observed in unoperated rats (Fig. 2b) on the ketonaemic response to medium-chain-triacylglycerol administration, 24 h-starved rats were subjected to partial hepatectomy and then immediately given medium-chain triacylglycerol. Instead of the rise in ketone-body concentrations observed in unoperated rats (Fig. 1) , an initial decline in ketone-body concentrations was observed [to 0.65 +0.14 (5) mm at 1 h after triacylglycerol administration]. Blood ketone-body concentrations at 2 h after triacylglycerol administration were also greatly decreased compared with unoperated controls [0.91 + 0.17 (5) mm compared with 4.06 +0.45 (8) mM; P < 0.001]. The ketonaemic response in the corresponding sham-operated (laparotomized) rats were variable, and, although substantial elevations in blood ketone-body concentrations were observed, values were generally less than those observed in unoperated rats (results not shown). In a separate series of experiments we therefore specifically examined acute effects of laparotomy on the ketonaemic response; the results are shown in Table 2 . Blood ketone-body concentrations after medium-chain-triacylglycerol administration were substantially decreased in laparotomized rats. The anti-ketonaemic effect of surgical stress was most marked in the first hour after surgery, but was also apparent at 2 h. It was also observed in rats subjected to laparotomy at 1 h after intragastric administration, by which time intestinal absorption is essentially complete [13] . As with unoperated rats or rats sampled at 1 or 2 days after surgery, rates of disappearance of ketone bodies from the blood after functional hepatectomy were proportional to the initial ketone-body concentrations (see Fig. 5 ). It can therefore be concluded that, in the short term, surgery leads to decreased ketogenesis, and, since in the present series of experiments the ketogenic substrate was medium-chain triacylglycerol, a site of action distal to CPT I is strongly implied. It should be noted that the acute effects of partial hepatectomy on blood ketonebody concentrations were more marked than those of laparotomy alone, and even after the provision of additional substrate (medium-chain triacylglycerol) ketonaemia was decreased. The results suggest marked inhibition of ketogenesis after liver resection, but, in view Although some of the biochemical effects of trauma,
8 '2~~~~~~~~~~~i ncluding surgical trauma, have been well described (for Table 3 . Long-term effects of partial hepatectomy or laparotomy on the ketonaemic response to 48 h starvation Fed rats were subjected to 48 h starvation either immediately after partial hepatectomy or sham operation (laparotomy) or at 48 h after partial hepatectomy or sham operation. Rats were sampled at 2 h after intubation with water. Statistically significant effects of partial hepatectomy compared with the sham operation are indicated: *P < 0.001; **P < 0.001. in rats not subjected to surgical stress the rate of ketone-body clearance correlates with the blood concentration [10] , in view of the increased metabolic demands ofinjury and the fact that 75-90% ofenergy requirements are met by lipid metabolism (see [14] ), the possibility existed that in surgically stressed rats, as in tumourbearing rats [15] , ketone-body utilization was increased. In the present experiments there was no evidence that uncomplicated surgery (laparotomy) influenced ketonebody clearance under conditions where marked effects to decrease ketonaemia were observed (Table 3 and Fig. 5 ).
The lowered ketone-body concentrations found immediately after surgical stress therefore result from decreased ketogenesis. Although the present experiments do not exclude the possibility that the acute response to trauma results in a redistribution of blood flow such that the supply of ketogenic precursor to the liver is decreased, it is tempting to speculate that decreased ketogenesis is related to an increased hepatic energy requirement, possibly linked to increased rates of gluconeogenesis and ureogenesis (see [14] ), with a concomitant increase in the complete oxidation of acetyl-CoA to CO2. The experiments reported here, utilizing medium-chain triacylglycerol as ketogenic substrate, provide strong support for the importance of such intramitochondrial loci for regulation of ketogenesis.
The regenerating liver after partial hepatectomy has been mainly used as a model for investigating the mechanism of cell proliferation in normal as opposed to cancerous tissue. In animals bearing rapidly growing tumours, peripheral ketone-body utilization is increased even if, on the basis of arterio-venous differences, the tumour does not itself use ketone bodies as substrates [15] . The present results indicate that, despite rapid liver growth, peripheral ketone-body utilization is not increased. The distinction between tumour-bearing and partially hepatectomized rats may reside in the prevailing level of ketonaemia, marked increases in blood ketonebody concentrations being observed in the former group [15, 16] . Alternatively, increased ketone body utilization may be a specific consequence of cancerous growth.
Since ketone-body clearance and its dependence on the level of ketonaemia are unaffected by partial hepatectomy, it can be concluded that ketogenesis is decreased. As both lipolysis and blood flow per unit weight of liver tissue are increased during the early stages of liver regeneration (see [17] for references), intrahepatic control of ketogenesis is indicated. We have previously speculated [3, 6] that there may be increased diversion of acetyl-CoA into the tricarboxylic acid cycle during liver regeneration: the present experiments support this idea. After partial hepatectomy, the decreased liver mass not only must increase rates of gluconeogenesis to meet peripheral glucose requirements, but also must provide ATP to fuel cell division and liver growth. On the basis of the results shown in Table 3 , it seems likely that the major energy-utilizing process within the remnant liver is cell growth and division, and others have demonstrated that fatty acid oxidation is essential to DNA synthesis and mitosis [18, 19] . It is noteworthy that the administration of medium-chain triacylglycerol to partially hepatectomized rats caused a significant (although modest) rise in blood ketone-body concentrations. This finding stresses the possible importance of increased rates of lipogenesis and/or esterification in restricting ketogenesis from endogenous non-esterified fatty acids after partial hepatectomy.
In summary, our results provide evidence for decreased ketogenesis immediately after surgical stress and for up to 2 days after partial hepatectomy. The mechanism by which this is achieved is unknown, but may be related to increased tricarboxylic acid-cycle flux in response to an increased energy demand.
